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SUMMARY

Several new types of back surface field (BSF)
cells were designed and fabricated. These include
boron and rthosthorus diffused BSF cells, single crys-
tal epitaxially grown BSF cells and chemically vepor
deposited (CVD) polyerystalline BSF cells. Boron dif-
fusion yielded 10 {=cm BSF celle with 0.6 volt open-
eircuit volteges and collecticn efflciencies equal to
those previously reported for alumimum alloying. The
epltaxislly grown cells slso exhibited high-open-clr-
cult voltages and collection efficiencies and may be
more radiation demege resistant, The polycrystailine
cells had very high internal zeries resistance.

No direct relationship was found to exlst between
collection efficiency and open-clrecult voltage, V,a,
in BSF cells. Results indlcafe that the V,, effect is
not caused simply by the mechanism of "blecking" of
minority carriers.

INTRODUCTION

A progrem at the Lewis Research Cenmter imvolves
fabrication of new or improved back surface field,
BSF, cells and gaining a better understanding of the
BSF mechaniem, An important objective 1s to abtain
maximm values of open-circuit veoltage, V_,. Beveral
types and structures of polar cells were Fovricated
and evaluated under the program.

The slumimm-alloyed back surface field {BSF}
golar cell has previously been shown to have high open-
cireuit voltsge, high collection efficlency, & desir-
gble temperature behavior, and when thin, improved rad-
jation damege resistance {1). A mechanism was proposed
%o explain the behavior of the BSF cell {1).

The BSF effect was attained by boron diffusion as
well as by alumimm alloying. Boron diffuslon has ed-
vantages 1ln that boron is more goluble in silicon than
alumimm sand diffusion yields more uniform Junctions
than alloying. Boron diffused surfeces are algo more
suitable for conbacting than alumimum alloyed surfaces.

Phosphorus diffusion, using POClg wepors, has been
developed to a high level at Lewis. Tt routinely
rields high quality very shallow Junctions and pre-
serves extremely high bulk minority cerrier diffusion
lengths. Thug febricaticn of cells utilizing n-type
silicon and back surface phosphorus diffusions was in-
vestigated to obtain BSF cells with good reproduci-
bllity.

To improve the radiation damage resiptance of
cells, & BSF cell fabricated by the deposition of a
thin 10 O-cm single crystal epitaxiasl layer on a low
reaistivity substrate was imvestigated. Finally, a
chemical vapor deposited {CVD), BSF, polycrystalline
¢ell, which represents a unique approach to increasing
the current and thereby the efficlency of very thin,
low cost, polycrystalline cells, was studied.

PROCEDURE

Cell Design and Fabrication.

The BSF cells under investigation can be broedly
divided into two cabegorles based upon the origin of
the bulk material of the cell. The first category con-
taing cells made from wafera cut from single crystal
silicon ingots. Category 2 cells have bulks formed by
deposition of silicon fram vepors of silicon compounds
upon selected substrates. Within both categorles, ei-
ther n+-p-p+ or p+-n-n+ cells can be made, but this
hae been done thus far only for cells in the first
category.

Category 1 Cells. The various structures are
shown in figure 1. Bulk resistivities of both 1 and 10
Qmcm were used since these are reslstivities common for
golar cells. The first BSF cells faebricated at Lewis
had alumimm alloyed and diffused back regilons made at
camparatively low temperatures {~ 800° C) in wafers al-
ready comtaining front junctions (1). The secoend type
had e boron diffused back region. The source of boron
was & solution, comtaining a boron compound, painted
on the back surface of wafers. High temperatures
(~ 1000° ¢) were used to achieve estimated junction
depthas of 0.5-1.0 p in times of 1 hour or less.

Since both the boron and alwmirm diffusion pro-
cespes were undeveloped, it was expected that better
and more reproducible BEF celle could be made by dif-
fusing phoephorus into back surfaces of n-type wafers
and fabricating p+-n-n+ cells. -

Also, phosphorug diffusion possesses the advan-
tage that phosphorus atoms fit into the silicon lat-
tice much better than boron atoms and phosphorus has a
solid solubility in silicon much higher than that of
boron or alumimm {2).

The main fabrication problem of BSF cells stems
fran the requirement that the back diffused region be
of opposite type (p or n) to the frowt region. Both
"p" and "n" type dopent atoms must therefore be 4if-
fused at high temperatures into each wafer. Cross
doping, intermixing of "p" end "n" type atoms on wafer
surfaceg, can oceur. Erosion of previcusly diffused
reglonsg during second diffusions by gaeeous TOCl3 can
also occur. These undesirable effects were diminished
by meintaining a protective oxide layer on the rear
diffused reglon.

Category 2 Cells. These cells were made fram
Chemicel Vapor Deposited, CVD, silicon znd correspond=
ingly category 2 cells are called CVD-BSF cells, The
various structures are shown in figure 2.

CVD processing was done at Applied Materials
Technology Inc., and at Unicorp Inc. The process was
carried out using 5iCl, ae a source of silicon at a
temperature of 1100° C. The entire procedure wes a
standard one uged lndustrially for epitaxial silicon
deposition, and only the resistivity and shickness of
the deposlted layers was specified by Lewis. Substrates



were supplied by Lewls,
talllrne cells go am not to conteminate the CYD gystem.

The 0.5 fi=em bulk resistivity of the polycrystal-
line CVD-BSF cells was selected in an attempt to re-
duce intergraln reslstance, a problem plaguing poly-
crystalline material. The thickness of the layeys waa
chosen as one grain height.

The top junctions were made at Lewls by the sten-
dard PO(.‘.13 phosphorus diffusion process.

Contacts. Contacts to BEF cells were made using
metal masks and eveporsting a thin, 200-500 &, layer
of alumimm followed by evaporation of 3=5 microns of
silver onto the wafer surfaces. The contacts were
then sintered at 550-650° €. Thig same sllver-alumimm
contact is belng developed for formlng top and bottam
acontacts to extremely shallow jurnctlon BSF cells with-
ont the degradation of cell electrical characteristics
which gccurs for simtered Ag-Ti contacts.

The contacts to the bulk region of the CVD poly-
erystalline cells were made by etching away the edges
of the diffused top junction end plating rhodium to
the expoged bulk mt the edges.

Cell Evalumtion.

Cpen-Circuit Voltage. The primary criterion that
has been applled to ESF cells hes been the vmlue of
apen-cireuit voltage, Vgy,. The conditions for Vg,
measurement st Lewis were artitrarily choeen as a cell
temperature of 25° € and an illumiration level yielding
a short-cireult current of 32.5 ma per sq. ¢m. One ob-
Jective of Vg, measurement was to discover what mexi-
mum value of Voc was achlevable for BSF cells.

Apparent Diffusion Length. The back field region
of BSF cells increases the collection efflciency of
thin cella, A propesed mechanism for the collection
efficiency effect has been published {3). In this
mechanism & diffuged back region "blocks" movement of
excess minority carriers to the back contact, figure 3.
The collection of generated mincrity carriers at the
front junction, Ige, 1s thereby increased. The over-
all result is ss if the diffusion length were incremes-
ed, To investigmte the relationsghip, if any, of the
"blocking” mechanism to Vg, an evaluation method for
messuring the effectiveness of "blocking” was formu-
lated baged on diffusion length measuremente.

The BSF cells were irradisted with fixed intenei-
ty, deeply penetrating, high energy X-rays and the
ghort-cirenit current density wes messured. The equip~
ment and procedure unsed was identical to that used to
measure minority carrier diffusion length (4). The
value of bulk minority carrier diffusion length, Ly,
can be related directly to the value of current densi-
ty and can be read off from a graph if the measured
cells are thick (L). For the thin cells, 0.0056-0.008
ineh, used extensively in this study, the current is
dependent upon the cell thickness and the effective-
ness of "blocking" as well as upon bulk minority car-
rier diffusion length. Nenetheless, it 1s useful to
compare thin cells in terms of & diffusion length val-
ue taken from the plot of current density ve. diffus-
ion length used for thick cells. Since the value so
determined for thin cells does not correspond to the
actual bulk minority carrier diffusion length, it is
referred to &g the "apparent diffusion length", L.
See figure U.

L, valuea for thin conventlonal cells ere thick-
negs limited and are eguilvelent to spproximately one

Quertz was used for polycrys- -

half the mctual cell thickness when measured by the
Lewis X-ray method. I values for 0.006-0.008 inch
BSF cells have been obtained which are equal to the
thickness of the cell. For thicknesses ebove this
range Iy valuce are mlways less than cell thickness
whereas L, valuea for very thin epitaxial BSF cells
have excesded the thicknesa of the bulk. The only
gignificance attached to L, valueg in this study lies
in rating BSF cells of equel thickness; a comparative-
1y high L, value (i.e. where Ly = cell thickness) in-
dicates a high collection efficiency and the existence
of a highly effective "blocking" back reglon. Thus
camparison of Ly and V__ for BSF cells of equal thick-
negg will indicate whe%ﬁer the velue of V,,depends up-
on the "blocking” mechanism of such cells.

RESULTS AND DISCUSSION

Aluminum BSF Cells.

The electricel characteristics of aluminum alloy-
ed and diffused BSF cells have been degcribed previous-
1y (1). Table I presents data on L, and corresponding
Voo values of guch cells. I, values for cells in the
thickness range of 0.006-0.0‘88 inches can equal the
thickness of the cell, as shown. ’

The sluminum BSF cells mede at Lewis, had V.,
values that ranged from 0.55-0.58 volt. The V,, val-
ue, however, sppeared sensitive to factors other than
Just Iy. Although a general trend of high T, values
corresponding to high V,, veluee may be present, this
does not appear to be m necesseary condition. For ex-
anple, in Tgble I the first four cells all have Ly
values equal to the eell thickness and enhanced V.
values, However, cell 355-G has about the same V. as
cell 334-15. Yet the Iy value of cell 355-9 18 less
than the eell thickneas and in fact is the lowest L
velue in thie group of cells. Some commercielly nmade
aluminum BSF cells had the highest V e valuss meagured,
0.59-0.60 ¥, and the fact thet the highest Vo, values
do not correspond with the highest LA values is 1llus-
trated by cell M-l. '

Flgure 5 1s a plot of Ty ve. V,, for cells of
equal thickness. Again, while a general trend is in-
dicated, a high Ly value does not always correspond to
2 high Voc value.

Boron BSF Cells.

Tt was necessary to diffuse boron imto cell back
surfeces at high temperatures (~ 1000° C) in order to
achieve high ovpen=-circuit volteges. These high temp=~
eratures caused indiffusion of any undesirable impur-
ities present on the surface of the silicon with re-
sultant minority carrier lifetime degradetion. Con-
siderable variation in diffusion lengths was noted
from wafer to wafer in the same diffusion and among
groups of wafers diffused in different runs. Very
strict cleaning procedures were necessary to keep deg-
radation to = minimum, The Group 1 celle of Table II
illustrate the bulk minority carrier lifetime degrada-
tion problem of the boron diffusion process. The val-
ues of diffusion lengths, L,, for the thick cells
{362-5 and 389-9) whose back reglons were removed, are
very low. Furthermore, the values of Ly of the thin
cellg are lesg than cne-helf the thickness of the cell
indiceting degradetion of bulk minority carrisr dif-
fugicn length. However, the V,, values of the thin
cells are well above the 0.55 volt maximum of thick
non-field 1C f-cm cells showing that the back field
is funetloning. Additional evidence that the back
field wag effective in these degraded cells was ob-
teined by comparing the characteristics of ecell 362-5



before and after removel of the back diffused reglon.
Bath Voc and LA were decreaged by remowml of the BSF
region, .

Group 2 cells of Table II have very high L, val-
ves that are equal to the thicknese of the cells. The
corresponding Voc valuee of these cells, however, were
actually lower than the ¥, values of the thin degrad-
ed cells of Group 1.

Group 3 cells of Table II had the highest values
of Vge thus far cbtained for BSF cells, but thelr val-
uag of LA were significantly lower then their thick-
ness. -

Phosphorus BSF Cells.

The back region characteristics of some phospho-

rus diffuged 10 {i-cm BSF cells are shown in Table IIL,
. Uniform characteristice were obtained as expected. The
effective "plocking” obtained from the back region is
evident from the values of I which slightly exceed
the thickness of the cells. The corresponding values
of Vg, are, however, lower than expected in that they
are similar to those of the crude aluminum alloyed and
diffused cells. Nonetheless, the V,. values show the
influence of the back region in varying degrees since
they are much higher than the 0.55 volt maximum values
of voc achieved in conventional thick, 10 {l.em cells.

The back reglon characteristics of phosphorus
diffused 1 Q-cm BSF cells are presented in Table IV.
Enhancement of collection 1ls evident from the values
of Ly which far exceed the one-half~the-cell-thickness
limit of Ly of conventional thin cells. However, val-
ues of V., do not exceed the 0.60 volt maximm V. val-
ue of cohvetrtionsl, thick, 1 f-cm cells (5,6).

Voo Effect Mechanlsm,

For each type of BSF cell (alumimm, boron, or
phosphorus diffused), several 0,006-0.008 inch thick
cells mede had very high L, valuse which equaled the
cell thickness. All such cells had values of V. con-
giderably lower than the highest V., values obtainable,
narely 0.5 volts. Thia reault leads to the conclugion
that very high collection efficiency (1.e., high L, or
effective "blocking”) 1s not directly related to ¢
velue of Voo OF 8t lemgt iz not sufficient to yield
high Vge. Important corroboration of this conclusion
is availlzble from data showing that Vy, velues of
0.575 volts wers readily cbtained for 10 f=-cm BSF
cells 0.029 inches (725 ym) thick (5), Measured bulk
minority carrier diffusion lengths, Lp, of very thick
cells have ranged from 150-250 p. The conventicnal
equations relating Voo, LB, and cell fthickness, W,
given in reference 7, indicate that a back reglon lo-
cated three times the bulk minority carrier diffusion
length from the front contact, i.e. W/ly = 3, cannot
affect the velue of V.. Thus the 0.575 value of V,
of the 725 u thick 10 5—&11 cells camnnot be att.ribute&
to minority carrier "blocking" at the back contact, A
gimilar case cen be made for the degraded bulk minor=-
1ty carrier diffusion length, thin, BSF cells in
Table TI. Their high values of Vg, algo cennot be et-
gributed to the "blocking” mechenigm since their W/lg
2 3,

Epitaxial BSF Cells.

The characteristilcs of epitaxial cells with two
extremes in bulk thickness, 10 p and 75 p, 8Te shown
in Table V. The structures are shown in figure 2.
During the deposition step boron within the substrate
diffused into the deposited silicon creatlng a BSF.

Values of V,, were uniform in value and &g high as
thoge achieved for the better Category 1 BSF cells. Iy
velues exceeded the thickness of the bulk. This is
not surprising since generstion of minority carriers
must take place within the very thick p* region and
collection of some of these generated charges should
occur, The value of Is of the 75 um thick cells are
only 5% below those of Ehick conventional cells where-
&8 the Ige valuee of the 10 ym thick cells are 25% be-
low those of thick conventichal celle.

The results are encoureging in terms of being able
to obtain high efficiencies from very thin BSF silicon
cells.

Polycerystalline BSF Cells.

The chief criticism of thin f£ilm polyerystalline
gilicon cells is that the mvmilable current would be
low becmuge of limited photon absorption in thin lay-
ers of silicon, A back field could possibly double
the available current of very thin cells.

It waeg impossible to mmke valid memsurements on
the completed cells because of their extremely high
geries resistence. The resistance was attrlbuted to
inter-grain effects. These effects algo include non~
ohmic behavior which would affect V values. Also,
contact to the p region was mede on the front of the
cell, as shown in figure 2. Direct contacting of the
cell back surface would diminish the inter-grain ef-
focts conslderably. Maximum values of voc of 200 mv
were measured for some of the cells.

CONCIUDING REMARKS

The highest value of V,, obtained in BSF cells at
present iz 0.6 volt, and ie atitaeinable in elther boron
diffused or sluminum alloyed and diffused cells having
phosphorus diffused front junctions. Boren diffusion
ig consldered to have the greatest potential for mak-
ing improved BSF cells because ¢f known advantages of
boron diffusion as compared to aluminum slleying and
diffusion,

A study of the collection efficlency and values
of Vg ©f BSF cells did not show s direct reletionship
exleted between these characteristies. This result
suggests that the V,. effect is not caused simply by
the mechanism of "blocking” of minority carriers by
the back region of BEF cells.

Epitaxial BSF cells have been made with high ch
{0.59 volt) and high collection efficiency. These Te-
gutte are encouraging and more experimentation is war-
ranted.

The pulyerystalline CVD=ESF cells made were very
poor; the major problem being very high internal ser-
leg resistance. V,, values up to 0.2 volt were meas-
ured for some of the cells.

REFERENCES

1. Mandelkorn, J,; and lamneck, J., H.: Conference
Record of the Ninth TEEE Photovoltalc Specialists
Conference, May 1972, p. 65.

2. Trumbere, F. A.: Bell System Technical Journal,
January 1960, p. 205.

3. Wolf, M.: Research for the Improvement of Silicon
Solar Cell Efficlency. Contract report, NASA Grant
NGIL 39-010-001, Januvary 1971.



Lamneck, J. H.:

1963,

1

Diffusion Lengths in 8illcon Ob-
© tained by an X~ray Method, MASA T X-180h, October

5. Personsl Commrunication: Peter Iles, Cemtralab.

6. Pergonal Communication:

John Scott-Mmck, Hello-

TABLE III

- PHOSPHORUS DIFFUSED BSF CELLS

1¢ Q-cm, p+-n-n+, lx2om

tek.

T. 4Godlewskl, M, P.; Baramona, C. R,; and Brandhorst,
H. W., Jr,: Low-High Junction Theory Applied to
Solar Cells, Tenth Photovoltalc Specieliste Con-
ference, November 13-15, 1973.

TABLE I
ATUMINUM ALLOYED AND DIFFUSED BSF CELLS
16 fimcm, n*ep-p*
Vocl CELL APPARENT
CELL THICKMESS |DIFFUSION LENGTH (LA) GROUP

NUMBER| VOLT | MILS MILS | MICRONS

334-8 |0.582 | 8.4 8.4 | 2o L, = CELL

334-14|0.581( 8.0 T 8L} 200 [FHICKNESS

334-C |0.583 7.8 7.6 160

334-15(0.577 7.6 7.6 150

335-1 [0.568 7.0 5.8 1hs L, < CELL{

355-5 |0.564 7.0 6.2 155 THICKNESS

355-9 |0.571 7.0 5.1 128

353-1 |0.553 7.0 5.3 132

M-1° 0.598 6.3 5.4 135

1 ¥, MBASURED AT 25° C FOR I, = 65 ma
2 COMMERCTAL CELL {HIGHEST'JVOC), Al ALLIOYED DIFFUSED
TABIE II
BORON DIFFUSED BSF CELIS
10 {-cm, n+-p-p+, lx2cm
APPARENT AFTER FIELD
CELL “'ocl THICK- DIFFUSION REMOVED | | GROUP
NESS | LENGTH (LA) LB Yoo

NUMEER|vOLT | MILS MILS MICRONS [MICRORS VOLT

389-1 |0.586| 7.2 3.5 87 L7 .517 1

389-4 {0.581| 7.413.0 75 59 .517 |DEGRADED

389-9 |0.515 0 k.4 | 2,1 52 52 .512

362-5 10.551 | 12.3 [ 3.1 78 60 525

360-22|0.5711 7.3 (7.3 183 - -- 2

360-23|0.571 | 7.1 (7.1 178" -- -~ HIGHEST

360-2k|o.572 | 7.1 |7.2 180 -- -—- Ly

382-1 [0.509 | 5.8 5.1 128 - -- 3

382-3 |0.599 | 6.1 |5.0 126 -- -- |HIGHEST

382-4 lo.598 | 5.8 |5.1 128 -- - | Yoc

1 v, MEASURED AT 25° C, Igp = 65 ma s

%~25L SPECTROSUN SIMUTATOR
3 CONVENTIOMAL 10 0-cm CELL

L CELL " APPARENT BULK
CELL | Vg¢ |THICKNESS|DIFFUSION LENGTE, Ly [DTFFUSION
TENGTH, Ly
RUMBER| VOLT| MILS MILS MICRONS | MICRONS
401-1 [0.581] 6.6 6.8 170 --
4ol-2 |0.567] 6.5 6.7 167 -
hol-k |0.581| 6.5 £.8 170 -
bo1~5 [O0.574| 6.3 6.4 151 -
Lo1-& |o.582( 6.5 6.8 170 -
401-7 {0.587| 6.5 6.8 171 --
?lo.525| 6.0 3.0 75 -
e 0.555| 20.0 - .- 200
Vo MEASURED AT 25° C FOR Ig, = 65 ma
CONVENTIONAL pt-n CELLS
TABLE IV
\ PHOSPHORUS DIFFUSED BSF CELLS
1 Q-cm, pten-n
1 | CGELL APPARENT BULK
CELL | Voo [THICKNESS [PIFFUSION LENGTH(LA) DIFFUSION
LENGTH (Lg
. |wuMBER| voLT MILS MILS MICRONS MICRONS
401-9 |0.579 7.5 5.8 14& -
| 402=-10]0.568 8.0 5.2 132 -
Lpi1-11|0.583 6.2 5.3 132 -
Lo1-13|0.576 7.0 5.5 . 139 -
Lo1-14]0.575 6.5 4.8 123 -
~ |+01-15]0.590 6.8 6.1 153 -
Lo1-16]0.588 6.3 5.7 12 -
2lo.6 MAX] 15.0 180
1 V,, MBASURED AT 25° C for I, = 65 ma
2 CONVENTIONAL p*-n 1 f-em CEIL
TABLE V
CHARACTERISTICS OF EPITAXIAL BSF CELLS
n*ep-p’, 1.7 cn° ACTIVE AREA, BARE
; | BPITAXIAL | APPARENT 5
QUANTITY Voo BULK DIFFUSION oo
THICKNESS | LENGTH {LA)
OF CELLS VOLT MICROKS MEICRONS ma
L .591-.593 10 24 Loaj1
L .592-.593 75 90 50-51
3] o.55 300 150 53 MAX
1 o -
Voo MEASURED AT 25° C FOR I, = 65 ma
2 g MBASURED WITH FILTER WHEEL SOLAR SIMULATOR AND
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CATEGORY 1 BSF SOLAR CELLS
BULK: SINGLE CRYSTALLINE SILICON

n+_p_p+
T‘ n* ] P-DIFFUSED, [ n¥
p ~850° C "
6-8 MILS
1 or 10 $-cm 1or 10 @-cm
l p* p*
Al-ALLOYED & B-DIFFUSED,
DIFFUSED, ~1050° C
~800° C
p*-n-n"’
pt  —}— B-DIFFUSED
n "’9500 C
1or 10 Q-cm
P-DIFFUSED ——___n*
~1000° C
Fig. 1

CATEGORY 2 BSF SOLAR CELLS
BULK: CHEMICAL VAPOR DEPOSITED SILICON

EPITAXIAL
P-DIFFUSED, ~ 850° C
| nt —
4-3 MILS 5 DEPOSITED SINGLE CRYSTAL
! 10-20 Q-cm
8MILS P* 1 B-DOPED SILICON SINGLE
i 01 Q-cm CRYSTAL SUBSTRATE

POLYCRYSTALLINE CVD
BULK CONTACT ~

— P-DIFFUSED, ~ 850° C
0. 5%0-cm DEPOSITED POLYCRY STALLINE

1ML [ o ofocn
12 MILS QUARTZ _ |
]

— SUBSTRATE

Fig. 2



BLOCKING MECHANISM OF BSF SOLAR CELL

; z i [
iz |
— 1 —% Iec
6 MILS - p - ®
Va T

3 VA A A A (I AN A A A A A 4
Z BARRIER TO ELECTRONS I—

%, LIGHT GENERATED ELECTRONS

Fig. 3

APPARENT DIFFUSION LENGTH, L,, OF THIN SOLAR CELLS

CONVENTIONAL CELL
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OPEN CIRCUIT VOLTAGE VS APPARENT DIFFUSION LENGTH

0,60 — 0
10 ©-cm BSF CELLS
10.5- 11. 5 MILS THICK ‘ 0 00
0.59 —
@]
0.58 o} o) © o)
- 0 O
Voo o 0
{yoLm o
0,57 — o
8 o
0.%6—
0.55 | | o |
00 150 200
Ly, (MICRONS)
Fig. 5
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